To assess the variability of net photosynthetic CO2 exchange per unit leaf area and to construct budgets for stands of field-grown tobacco (Nicotiana tabacum, Connecticut Broadleaf), a number of short-time measurements were made on all available leaf positions on two varieties using a hand-held transparent chamber for conducting gas exchange measurements on leaves. Measurements of net CO2 exchange were carried out on 18 separate days during a 35-day period, beginning 22 days after the seedlings were transplanted to the field. Gas exchange assays on leaves were conducted under ambient conditions of temperature and light intensity at all times of day. Solar radiation was monitored throughout the period, and losses of respiratory CO2 from stems, roots, and leaves (in the dark) were estimated. A estimation of a carbon budget; and (c) whether one could determine from a carbon budget why one variety produced more dry weight than the other. This investigation has demonstrated the usefulness of the C02-depletion method of assaying net CO2 exchange in field studies, and clearly established the close relationship between net CO2 exchange and dry weight accumulation.
field conditions. An estimate of the carbon assimilation derived from CO2 and the accumulation of dry matter in barley was carried out by Biscoe et al. (3) . They found good agreement during an I 1-week period. High correlations in field experiments between integrated net CO2 exchange and dry weight accumulation have been described for soybean (4) , wheat (l1), sorghum (9) , and maize (15) .
Ideally, one would like to compare otherwise isogenic lines of the same species that differ only in the rate of net CO2 exchange per unit ofleafarea, perhaps because photorespiration is regulated, to determine the relationship between net mg C02/dm2 * h and total dry weight accumulation. Unfortunately, such plant material is not yet available. Instead, we compared the carbon budget of two varieties of Connecticut Broadleaf tobacco with similar yet nonidentical genetic backgrounds. One variety, possessing resistance to tobacco mosaic virus, yielded somewhat less than the parent variety (G. S. Taylor, personal communication). We wished to determine: (a) the extent of variability under field conditions in net CO2 exchange per unit leaf area in order to find what differences in such rates could be detected; (b) what other variables such as leaf area and dark respiration most affect the accurate estimation of a carbon budget; and (c) whether one could determine from a carbon budget why one variety produced more dry weight than the other. This investigation has demonstrated the usefulness of the C02-depletion method of assaying net CO2 exchange in field studies, and clearly established the close relationship between net CO2 exchange and dry weight accumulation.
We have been involved in a continuing effort to modify genetically the biochemistry of C3 plants to produce tobacco mutants with decreased photorespiration and greater than normal rates of net CO2 assimilation per unit of leaf area (1, 2, 10, 16) . To confirm that varieties with superior rates of net photosynthesis under controlled conditions of the laboratory or greenhouse perform similarly in the field, an accurate yet convenient method of measuring net CO2 uptake under field conditions was sought. Most recently, we adapted the C02-depletion system described by Clegg et al. (5, 13) to tobacco leaves in the field. It is based on the short-time measurement of the decrease in CO2 concentration in a portable, hand-held transparent chamber clamped over the leaf. This method permitted the convenient assay of large numbers of samples, and the results proved to be reliable and reproducible.
It became apparent from our experience and from that of others that a limited number of instantaneous measurements of rate of CO2 fixation per unit of leaf area are frequently not highly correlated with yield ( 18) . Nevertheless, integrated seasonal assays of net CO2 exchange should be closely related to dry weight accumulation. A limited number of investigations have been described in which a carbon budget has been approached under MATERIALS AND METHODS Plant Material. Nicotiana tabacum (Connecticut Broadleaf) 73-6-1 (variety 1) and 73-12-1 (variety 2, homozygous mosaic resistance derived from N. glutinosa) were obtained from the Valley Laboratory, The Connecticut Agricultural Experiment Station, Windsor, CT. The lines were chosen because they had similar genetic backgrounds but differing yields during field trials (G. S. Taylor, personal communication). Seedlings were grown in a greenhouse for 1 month prior to transplantation to the field on May 28, 1981. The field plot was fertilized with 1500 kg 10-10-10 (N-P-K) per ha. About 200 plants of each line were planted alternately throughout the 0.2 ha plot at 1.8 m spacings. Rainfall provided adequate moisture during much of the season. However, a brief drought necessitated irrigation with 2.5 cm water on day 28. square procedure designed to sample all regions of the plot. Leaves were generally assayed for net CO2 exchange over an 8 h period each day beginning at 0600, 0900, or 1200 (EDT). Sunrise was about 0500 and sunset about 2000 (EDT) during the 35 days. Leaves were assigned position numbers starting from the ground up. The method of selection of leaves for measurements of CO2 fixation was designed to be representative with regard to replicate plants and leaf positions. One leaf per plant in turn was assayed for net CO2 exchange (mg CO2/dm2 h) using the procedure described below. The lowest leaf was sampled first, then the next until 10 leaves on 10 different plants had been assayed. When the uppermost leaf on a plant was too small for measurement, the sequence of leaf selection was started over beginning at the lowest leaf. The second sequence of 10 assays was begun by skipping one leaf position to avoid assaying the same leaf on a given plant more than once. This procedure was performed six times (a total of 60 assays, 30 per variety) during each day so that varying numbers of replicate measurements were performed on all currently represented leaf positions in the stand but on different plants. Leaves were selected and assayed for CO2 fixation without altering, insofar as possible, the leaf orientation, and irrespective of the physical condition of the leaf or its exposure to light. Measurements of growth and photosynthesis by the stands are expressed on a per plant basis.
Growth Analyses. Once each week during the course of the 35-d experiment, plants from each part of the plot were harvested and separated into leaves, stems, and roots. Leaf areas were measured with a LI-3000 Portable Area Meter (Li-Cor Instruments, Lincoln, NB). Plant material was dried at 80°C in a forced draft oven to obtain dry weight. Stem diameter values served as a nondestructive index of growth and leaf area (12) , and were obtained by averaging two measurements made at 900 angles 2 to 4 cm above ground level with a vernier caliper. Stem diameter measurements were taken on plants used for growth analyses as well as on plants used in CO2 exchange assays. CO2 Exchange Measurement. Details of the C02-depletion method and associated apparatus employed in this study were similar to those described by Clegg et al. (5, 13) . The hand-held photosynthesis chamber consisted of two Plexiglas boxes (8.8 cm per side) open on one side and fastened together with a hinge with open sides facing each other much like open jaws so that a portion of a leaf would be enclosed in the chamber. The area of the enclosed portion was 0.731 dm2. A closed-cell foam rubber gasket covered the edges of the jaws of the chamber and protected the leaf from injury when the chamber was closed. A locking bar was positioned to insure a tight seal at time zero. Normally, the top and bottom halves of the chamber were totally separated from each other by the tobacco leaf, hence photosynthesis by the upper and lower surfaces of the leaf was measured separately. Two small, dry cell battery-operated fans kept the air within the two halves of the chamber well mixed. Wind speed at 0.5 cm above the leaf surface was about 150 cm/s. During a typical assay of CO2 uptake by a tobacco leaf, after closing the chamber, 5.0-ml samples of the enclosed gas were withdrawn with 10 cc plastic syringes (Becton, Dickinson) through a rubber septum at 2 and 22 s from the bottom half, and at 4 and 24 s from the top half. The 2 to 4 s delay resulted in greater reproducibility in the measurements probably due to complete mixing of air within the chamber. Syringes were stored with the needles inserted into rubber stoppers to retard leakage during the 10 to 60 min which elapsed before analysis of the CO2 contents of the gas samples were conducted. Errors due to leakage by the syringes during this period were negligible.
The CO2 analysis system consisted of a Beckman model 865 Infrared Analyzer operating in the absolute mode. Prepurified N2 flowed at a velocity of 500 ml/min first through a soda lime filter to remove any traces of contaminating CO2. The sample (5.0 ml) was then injected into the gas stream, passed through silica gel to remove H20, then through a MF-Millipore filter ( (12) . We have confirmed that the stem diameter (measured always at the base of the plant) provides a convenient, nondestructive approximation of total leaf area, and have extended this correlation to total dry weight (Fig. 2) . Similarly, a strong correlation was found between the dry weights of either leaves, stems, or roots versus stem diameter (data not shown). In addition, leaf area at any given leaf position of a plant was related to the stem diameter at the base of the plant by a second or third order polynomial function. Relative SE of the estimate for these latter regressions were lowest for the larger leaves found at positions 6 through 18 (r > 0.90). Considerable variation, which was unaccounted for by regression analyses, occurred in smaller leaves found at positions 3 through 5 and 19 and 20. These leaves, however, contributed little to the overall carbon economy of the plant.
Measurements of photosynthetic CO2 exchange and growth spanned that part of the season during which 90%o of the total dry matter was produced (Fig. 3) (Table IV) for each day (A) was computed assuming a per plant dry weight of 40. 3 and 32.1 g on day I for varieties I and 2, respectively. Total daily CO2 input per plant was determined from in situ measurements of leaf photosynthesis. Respiratory CO2 losses from roots, stem, and leaves (at night) were subtracted to yield net CO2 incorporation. and 25 degrees of freedom for the varieties, days, and error, respectively). Table I shows that no significant difference was observed between the varieties regarding the seasonal mean ratio of total leaf area to total dry weight. Figure 4 shows that although the ratio of total leaf area to total dry weight varied over the course of the season, the varieties did not differ significantly in this respect. Slight, but statistically significant, differences were found between the two varieties with respect to the distribution of dry matter among the plant parts. These differences in distribution probably did not 4 . Ratios of total leaf area to total dry weight versus day number for variety I (O) and variety 2 (*). Each point is a mean of five determinations. Leaf area and dry weight determined as described in "Materials and Methods." Differences between the mean values shown for the two varieties are statistically significant (P = 0.05) only for day 22. Seasonal mean ratios of total leaf area to total dry weight -are not significantly different (Table I) . However, the average total leaf area per plant was greater in variety 1 than in variety 2 at all times during the experiment as predicted by the consistently greater total dry weight of variety I (Fig. 3) . Greater leaf area is the major reason for greater CO2 input by variety 1 during the 35-d experiment.
irradiance), plant age, and shading by other leaves in the canopy depending on leaf position and orientation (Table II) . In our study, every effort was made to estimate the existing photosynthetic rate and to avoid biasing estimates of rates of whole plant CO2 input with respect to any given leaf position. Likewise, any assay of CO2 input by a single leaf was performed without alteration of leaf angle or exposure to sunlight within the canopy.
An estimate of total leaf CO2 input per hour was made by multiplying the observed mg C02/dm2.h by the leaf area as estimated by the stem diameter at the base of the same plant (see above). The mean rate of CO2 input into the stand (expressed on a per plant basis) at any given leaf position was, in turn, obtained by averaging from one to four estimates of total leafphotosynthetic rate taken on different leaves but at the same leaf position on five test plants during the sampling period (usually 8 h).
Analysis of CO2 Input into the Leaf Canopy. The modified Latin square procedures employed in selecting both test plants and leaves for measurements of rates of CO2 input were designed to sample the variability in rates of CO2 input per leaf by all of the leaf positions currently represented in the stand. Summation of the average inputs in all leaf positions provided an estimate of (Fig. 3) . (Table V) . Total leaf areas were obtained from the stem diameters of the test plants (see Fig. 2 ). Degrees of freedom associated with the regression and error were 4 and 13, respectively. Table  IV . An analysis of variance of whole plant rates of CO2 fixation per dm2 of total leaf area for the 18 d indicated that no significant difference existed between the two varieties regarding this characteristic. These results together with those in Table I suggest that plants of equal total dry weight from the two varieties were nearly identical in total net photosynthetic capacity. It is evident that the consideration of total leaf area and rates of CO2 fixation per unit of leaf area alone are not sufficient to determine total dry weight. Respiratory CO2 losses in the dark must be considered, for example. Construction of a carbon budget enables an assessment to be made of various factors that determine final dry weight yield.
Respiratory CO2 Losses. Photosynthetic CO2 input was diminished by the amount of CO2 lost by respiration in the leaves at night and in the roots and stems at all times during the 24-h day.
Respiration rates of excised stems were related to diameters at the stem bases by a second order polynomial function (Fig. 6) (Fig. 2) , and stem respiration (Fig. 6 ) to be used in estimating daily respiratory CO2 loss per plant.
A typical set of measurements used to estimate root respiration is shown in Figure 7 . Rates of root respiration obtained by this method showed considerable variability and are considered to be only approximations. Mean rates of CO2 evolution by root systems were 1.28 (SE = 0.35, n = 6) and 0.85 (SE = 0.13, n = 7) mg C02/ g total plant dry weight.h for varieties 1 and 2, respectively.
Estimates of mg C02/plant-d evolved by the root system were based on the mean total dry weight per plant as given by the stem diameter data (see above).
Total CO2 inputs and estimated respiratory CO2 losses for both varieties during the 35-d experiment are shown in Table VI . About 41% to 47% of the total CO2 taken up was lost due to dark respiration in these varieties. Greater total CO2 input by variety 1 during the experimental period is the result of its greater total leaf area and is consistent with its larger mean total dry weight compared to variety 2 (Figs. 3 and 4 , Table I ). Relative growth rates for varieties 1 and 2 appeared to be quite similar during the experimental period as were rates of CO2 input per unit of total leaf area (Table IV) . The where Si = measured mg C02/dm2. h at leaf position i, Li = leaf area at leaf position i as predicted from the stem diameter (see text), (Si Li) = mean mg C02/leaf.h at position i during the sampling period of the day indicated, TLA = average total leaf area of the five test plants as predicted from their respective stem diameters (Fig. 2) . Analysis ofvariance indicated that most of the variation in the values of mg CO2/dm2 -h was associated with days. The difference between the means of the two varieties was not significant at the P = 0.05 level. The SE was 0.45 (relative SE = 3.3%), and the least significant difference was 1. ) is a second-order polynomial fit to the combined observations for varieties I and 2 obtained from regression analysis (r2 = 0.85). The CO2 evolution rates for stems for 24 mm or less in diameter were estimated assuming that these rates were directly proportional to stem diameter. observed during the experiment probably arose from differences in rates of seedling growth or adaptability to the field environment which occurred before the measurements began (Fig. 3) .
DISCUSSION
It is often stated that there is a 'paradox' of no correlation between rates of CO2 exchange per unit of leaf area and crop yield (6) . However, this conclusion is frequently based on a comparison of instantaneous measurements of CO2 exchange conducted under standardized conditions rather than on seasonal measurements. In fact, a few studies demonstrate that net CO2 exchange on a seasonal basis is closely related to dry weight accumulation in the field (18) .
Previous attempts to approximate a carbon budget in the field relied on portable assimilation chambers (4, 9, 11, 15) . Occasionally, micrometeorological measurements of the gradients of CO2 above the canopy were made to estimate the rate of flux of CO2 from the atmosphere into the crop (3) . The use of portable chambers required a cumbersome system for pumping air into and out of the chamber through flexible tubing and monitoring the CO2 decrease, or the addition of measured quantities of CO2 to maintain a constant CO2 level. The time for such measurements varied from 2 to 15 min or longer, and frequently temperature control systems were needed as well as a means of transporting the chamber from one replicate plot to the next. Such methods can be quite complex and expensive. The C02-depletion method (5, 13) using hand-held chambers is easily portable, and since the measurement is completed in about 20 s (Figure 1) , the temperature is essentially the same inside the chamber as outside. We are 7. An example of CO2 evolution from the soil versus distance from the stem of a field-grown tobacco plant used to estimate root respiration. Steel cylinders (diameter = 10 cm) were positioned with their distal edges at the distances shown from the stem of the test plant. The edges of the cylinders were driven about 3 cm into the soil to prevent leakage of captured CO2. The area enclosed was 0.79 dm2 and the headspace volume was 0.79 L. Zero time gas samples were withdrawn from the cylinders and another set of samples were taken after 10 min. The CO2 concentrations of the samples were determined as described in "Materials and Methods." Rates of soil CO2 evolution were highest near the base of the plant and declined exponentially with distance to about 60 cm. The lower and reasonably constant rate of CO2 evolution beyond 60 cm from the stem represented background soil respiration arising from microorganisms and invertebrates. Thus, the area enclosed by the curves for soil and roots-plus-soil represented root respiration. Total respiration by the root system was estimated by appropriate integration of CO2 evolution over distance from the base of the plant. (Table  VI) .
It is not possible to estimate photosynthetic CO2 assimilation in the field from a few instantaneous measurements, as illustrated in Table II . Considerable variation is evident among individual leaf positions in the stand on any given day. Analysis of CO2 input is facilitated by dividing the leaf canopy into groups composed of leaf positions at similar stages of development. As would be expected, this revealed that the pattern of relative CO2 input by the respective groups can change dramatically over the season (Fig. 5) . Hence, it is unlikely that a valid estimate of CO2 input into the entire crop can be made from measurements at one or a few leaf positions without prior information about the relationship between stage of development and CO2 input. This applies no matter how numerous or reliable the accumulated measurements are. Even as many as a total of 30 measurements performed at all leaf positions represented among five test plants of a variety during I d would likely yield an estimate of photosynthesis by the stand that by itself is unreliable (Table II) . However, a large number of measurements made over the course of a season on all of the plants in a stand can provide a more sound statistical basis for comparison of photosynthetic characteristics between varieties (Tables III and VI) . How many measurements might be needed and the relative contribution of various errors to estimates of daily CO2 input per plant are discussed below.
A major purpose of this investigation was to determine whether the method employed would be sufficiently sensitive to permit recognition in future varieties of increased rates of CO2 exchange.
Decreasing the rate of photorespiration in C3 leaves by genetic changes should increase the rate of CO2 exchange per unit leaf area compared to otherwise isogenic cultivars possessing normal photorespiration. Based on the losses caused by photorespiration, increases of CO2 exchange rate of as much as 50% may be possible (17) . Identifiable sources of variation in estimating CO2 exchange in a single leaf position were (a) error inherent in the C02-depletion method of assay, (b) error associated with estimates of leaf area, and (c) variation in mg C02/dm2' h due to varying irradiance and mutual shading. Repetitive determinations (n = 10) on fully illuminated leaves in the field showed that the coefficient of variation of the CO2 uptake assay was about 6.5%. More uncertainty was associated with the estimation of leaf area at different leaf positions based on the stem diameter of the plant (coefficient of variation of about 29%). Uncertainty in estimating leaf CO2 input arising from variable irradiance [(c) above I was judged to far outweigh that associated with the other sources.
Coefficients of variation approaching 100%o were observed for some of the estimates of mg C02/h at a given leaf position based on measurements made on different test plants during 1 d. Thus, the coefficient of variation would probably be less than 26% for an estimate of whole plant mg C02/h from combined input by 15 leaves. Coefficients of variation of 14% and 18% for varieties 1 and 2 were associated with predictions of daily CO2 input based on the model shown in Table III. A comparison of whole plant mg C02/dm2 * h values and their means (Table IV) showed that most of the observed variation arose from the differences in daily solar input and the gradual decrease in rate as the season progressed. The whole plant mean values of mg C02/dm2 .h were not significantly different from each other, and it is unlikely that additional sampling of leaves would have established a significant difference between the two varieties. However, an observed difference of as little as 10%7b
would have been significant at the P = 0.05 level in this investigation. Assuming that the coefficient of variation due to experimental error (3.3%) derived from Table IV (Table IV) . Thus, the greater CO2 assimilation and dry matter accumulation in variety I was largely the result of a greater leaf area (Table I; Figs. 3 and 4). These characteristics were probably fixed at the seedling stage before the measurements of growth and CO2 assimilation were begun and continued throughout the season ( Fig. 3 ; Table  I ).
The C02-depletion method described offers a simple, direct, and inexpensive means of quantifying photosynthesis in the field. The method should be immediately adaptable to the study of CO2 exchange by a number of important crop plants, and should be of special value in recognizing superior photosynthetic rates by leaf canopies.
